Physical Model Tests of Half-Scale Geosynthetic Reinforced Soil Bridge Abutments. II: Dynamic Loading by Zheng, Yewei et al.
UC San Diego
UC San Diego Previously Published Works
Title
Physical Model Tests of Half-Scale Geosynthetic Reinforced Soil Bridge Abutments. II: 
Dynamic Loading
Permalink
https://escholarship.org/uc/item/1209m68p
Journal
Journal of Geotechnical and Geoenvironmental Engineering, 145(11)
ISSN
1090-0241
Authors
Zheng, Yewei
McCartney, John S
Shing, P Benson
et al.
Publication Date
2019-11-01
DOI
10.1061/(asce)gt.1943-5606.0002158
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
Journal of Geotechnical and Geoenvironmental Engineering
 
Physical Model Tests of Half-Scale Geosynthetic Reinforced Soil Bridge Abutments. II:
Dynamic Loading
--Manuscript Draft--
 
Manuscript Number: GTENG-7259R2
Full Title: Physical Model Tests of Half-Scale Geosynthetic Reinforced Soil Bridge Abutments. II:
Dynamic Loading
Manuscript Region of Origin: UNITED STATES
Article Type: Technical Paper
Funding Information: California Department of Transportation John McCartney
Federal Highway Administration John McCartney
Abstract: This paper presents experimental results from shaking table tests on four half-scale
geosynthetic reinforced soil (GRS) bridge abutment specimens constructed using well-
graded angular backfill sand, modular facing blocks, and uniaxial geogrid
reinforcement to investigate the effects of applied surcharge stress, reinforcement
vertical spacing, and reinforcement tensile stiffness for dynamic loading conditions.
Similitude relationships for shaking table tests in a 1g gravitational field were used to
scale the specimen geometry, applied surcharge stress, soil modulus, reinforcement
tensile stiffness, and characteristics of the earthquake motions. Reinforcement vertical
spacing and reinforcement tensile stiffness had the most significant effects on the
maximum dynamic and residual wall facing displacements and bridge seat settlements.
Acceleration amplification increased with elevation in the reinforced and retained soil
zones. Residual vertical and lateral soil stresses were lower than the calculated values
for static loading conditions. The maximum tensile strain in each reinforcement layer
occurred near the facing block connection for lower layers and under the bridge seat
for higher layers. The vertical seismic joint between the bridge beam and bridge seat
closed during the Northridge motion, resulting in contact force.  A companion paper
presents experimental results for the same GRS bridge abutment specimens under
static loading conditions.
Corresponding Author: Yewei Zheng, PhD
Old Dominion University
Norfolk, Virginia UNITED STATES
Corresponding Author E-Mail: y1zheng@odu.edu;zhengyewei@gmail.com
Order of Authors: Yewei Zheng, PhD
John McCartney
Benson Shing
Patrick Fox
Additional Information:
Question Response
Authors are required to attain permission
to re-use content, figures, tables, charts,
maps, and photographs for which the
authors do not hold copyright. Figures
created by the authors but previously
published under copyright elsewhere may
require permission. For more information
see
http://ascelibrary.org/doi/abs/10.1061/978
0784479018.ch03. All permissions must
No
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
be uploaded as a permission file in PDF
format. Are there any required
permissions that have not yet been
secured? If yes, please explain in the
comment box.
ASCE does not review manuscripts that
are being considered elsewhere to include
other ASCE Journals and all conference
proceedings. Is the article or parts of it
being considered for any other
publication? If your answer is yes, please
explain in the comments box below.
No
Is this article or parts of it already
published in print or online in any
language? ASCE does not review content
already published (see next questions for
conference papers and posted
theses/dissertations). If your answer is
yes, please explain in the comments box
below.
No
Has this paper or parts of it been
published as a conference proceeding? A
conference proceeding may be reviewed
for publication only if it has been
significantly revised and contains 50%
new content. Any content overlap should
be reworded and/or properly referenced. If
your answer is yes, please explain in the
comments box below and be prepared to
provide the conference paper.
No
ASCE allows submissions of papers that
are based on theses and dissertations so
long as the paper has been modified to fit
the journal page limits, format, and
tailored for the audience. ASCE will
consider such papers even if the thesis or
dissertation has been posted online
provided that the degree-granting
institution requires that the thesis or
dissertation be posted.
Is this paper a derivative of a thesis or
dissertation posted or about to be posted
on the Internet? If yes, please provide the
URL or DOI permalink in the comment
box below.
Yes
If yes, please provide the URL or DOI
permalink in the comment box below.
 as follow-up to "ASCE allows
https://escholarship.org/uc/item/0vg5b2g4
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
submissions of papers that are based on
theses and dissertations so long as the
paper has been modified to fit the journal
page limits, format, and tailored for the
audience. ASCE will consider such
papers even if the thesis or dissertation
has been posted online provided that the
degree-granting institution requires that
the thesis or dissertation be posted.
Is this paper a derivative of a thesis or
dissertation posted or about to be posted
on the Internet? If yes, please provide the
URL or DOI permalink in the comment
box below."
Each submission to ASCE must stand on
its own and represent significant new
information, which may include disproving
the work of others. While it is acceptable
to build upon one’s own work or replicate
other’s work, it is not appropriate to
fragment the research to maximize the
number of manuscripts or to submit
papers that represent very small
incremental changes. ASCE may use
tools such as CrossCheck, Duplicate
Submission Checks, and Google Scholar
to verify that submissions are novel. Does
the manuscript constitute incremental
work (i.e. restating raw data, models, or
conclusions from a previously published
study)?
No
Authors are expected to present their
papers within the page limitations
described in <u><i><a
href="http://dx.doi.org/10.1061/978078447
9018" target="_blank">Publishing in
ASCE Journals: A Guide for
Authors</a></u></i>. Technical papers
and Case Studies must not exceed 30
double-spaced manuscript pages,
including all figures and tables. Technical
notes must not exceed 7 double-spaced
manuscript pages. Papers that exceed the
limits must be justified. Grossly over-
length papers may be returned without
review. Does this paper exceed the ASCE
length limitations? If yes, please provide
justification in the comments box below.
No
All authors listed on the manuscript must
have contributed to the study and must
approve the current version of the
manuscript. Are there any authors on the
paper that do not meet these criteria? If
No
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
the answer is yes, please explain in the
comments.
Was this paper previously declined or
withdrawn from this or another ASCE
journal? If so, please provide the previous
manuscript number and explain what you
have changed in this current version in
the comments box below. You may
upload a separate response to reviewers
if your comments are extensive.
No
Companion manuscripts are discouraged
as all papers published must be able to
stand on their own. Justification must be
provided to the editor if an author feels as
though the work must be presented in two
parts and published simultaneously.
There is no guarantee that companions
will be reviewed by the same reviewers,
which complicates the review process,
increases the risk for rejection and
potentially lengthens the review time. If
this is a companion paper, please indicate
the part number and provide the title,
authors and manuscript number (if
available) for the companion papers along
with your detailed justification for the
editor in the comments box below. If there
is no justification provided, or if there is
insufficient justification, the papers will be
returned without review.
Ref.:Submittal of companion papers: “Physical Model Tests on Half-Scale
Geosynthetic Reinforced Soil Bridge Abutments. I: Static Loading.” by Y. Zheng, P.J.
Fox, P.B. Shing, and J.S. McCartney and “Physical Model Tests on Half-Scale
Geosynthetic Reinforced Soil Bridge Abutments. II: Dynamic Loading.” by Y. Zheng,
P.J. Fox, P.B. Shing, and J.S. McCartney for possible publication as Technical Papers
in ASCE Journal of Geotechnical and Geoenvironmental Engineering
Dear Editor,
Please find enclosed our companion manuscripts submitted for review and possible
publication as technical papers in Journal of Geotechnical and Geoenvironmental
Engineering. The papers focus on physical model tests on geosynthetic reinforced soil
(GRS) bridge abutments. We believe that the papers work well as a companion set
because the first paper presents the experimental program and static response of GRS
bridge abutments, while the second paper presents the dynamic response for a series
of earthquake motions in the longitudinal direction.
Please contact me should you need any clarification. I look forward to having this
paper published in Journal of Geotechnical and Geoenvironmental Engineering.
Best regards,
Yewei Zheng
If this manuscript is intended as part of a
Special Issue or Collection, please
provide the Special Collection title and
name of the guest editor in the comments
box below.
Recognizing that science and engineering
are best served when data aremade
available during the review and discussion
of manuscripts andjournal articles, and to
allow others to replicate and build on
workpublished in ASCE journals, all
reasonable requests by reviewers
formaterials, data, and associated
protocols must be fulfilled. If you are
restricted from sharing your data and
materials, please explain below.
Papers published in ASCE Journals must
make a contribution to the core body of
This paper presents experimental data on the dynamic response of half-scale GRS
bridge abutments for a series of shaking table tests with scaled earthquake motions in
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
knowledge and to the advancement of the
field. Authors must consider how their
new knowledge and/or innovations add
value to the state of the art and/or state of
the practice. Please outline the specific
contributions of this research in the
comments box.
the longitudinal direction, including wall facing displacements, bridge seat settlements,
accelerations, vertical and lateral soil stresses, reinforcement tensile strains, and
bridge beam-bridge seat contact forces.
The flat fee for including color figures in
print is $800, regardless of the number of
color figures. There is no fee for online
only color figures. If you decide to not
print figures in color, please ensure that
the color figures will also make sense
when printed in black-and-white, and
remove any reference to color in the text.
Only one file is accepted for each figure.
Do you intend to pay to include color
figures in print? If yes, please indicate
which figures in the comments box.
No
If there is anything else you wish to
communicate to the editor of the journal,
please do so in this box.
Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation
Revised Manuscript - ASCE Journal of Geotechnical and Geoenvironmental Engineering                                             April 2019 
 
1 
 
 Physical Model Tests of Half-Scale Geosynthetic Reinforced 1 
Soil Bridge Abutments. II: Dynamic Loading 2 
 3 
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Patrick J. Fox, F.ASCE4 5 
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Abstract: This paper presents experimental results from shaking table tests on four half-scale 7 
geosynthetic reinforced soil (GRS) bridge abutment specimens constructed using well-graded 8 
angular backfill sand, modular facing blocks, and uniaxial geogrid reinforcement to investigate the 9 
effects of applied surcharge stress, reinforcement vertical spacing, and reinforcement tensile 10 
stiffness for dynamic loading conditions.  Similitude relationships for shaking table tests in a 1g 11 
gravitational field were used to scale the specimen geometry, applied surcharge stress, soil 12 
modulus, reinforcement tensile stiffness, and characteristics of the earthquake motions. 13 
Reinforcement vertical spacing and reinforcement tensile stiffness had the most significant effects 14 
on the maximum dynamic and residual wall facing displacements and bridge seat settlements. 15 
Acceleration amplification increased with elevation in the reinforced and retained soil zones. 16 
Residual vertical and lateral soil stresses were lower than the calculated values for static loading 17 
conditions. The maximum tensile strain in each reinforcement layer occurred near the facing block 18 
connection for lower layers and under the bridge seat for higher layers. The vertical seismic joint 19 
between the bridge beam and bridge seat closed during the Northridge motion, resulting in contact 20 
force.  A companion paper presents experimental results for the same GRS bridge abutment 21 
specimens under static loading conditions.  22 
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Introduction 27 
Although geosynthetic reinforced soil (GRS) bridge abutments are commonly used for 28 
transportation applications, concerns remain regarding the performance of these structures in high 29 
seismicity areas and little information is available to guide designers on seismic response.  A key 30 
concern for GRS bridge abutments is the magnitude of possible seismic-induced settlement (i.e., 31 
seismic compression) which, for example, could cause problematic loading for a multi-span bridge 32 
with intermediate supports. Associated wall facing displacements and other permanent 33 
deformations due to seismic shaking are also concerns, along with damage due to interactions 34 
between the bridge structure and abutments.  35 
Numerical and experimental studies have been performed to investigate the static response 36 
of GRS bridge abutments; however, studies on the dynamic response of these structures are limited. 37 
Yen et al. (2011) conducted post-earthquake reconnaissance for the 2010 Maule earthquake and 38 
found that a GRS bridge abutment exhibited no signs of lateral or vertical permanent displacements 39 
after shaking, while the bridge suffered minor damage that may have resulted from the bridge skew 40 
angle.  Shaking table tests have been conducted on GRS bridge abutments for shaking in both 41 
longitudinal and transverse directions to the bridge beam (Helwany et al. 2012; Zheng et al. 2018a, 42 
2018b).  Helwany et al. (2012) reported no significant distress for a 3.6 m-high GRS bridge 43 
abutment subjected to longitudinal shaking with horizontal base accelerations up to 1g.  Zheng et 44 
al. (2018a, 2018b) conducted shaking table tests on 2.7 m-high half-scale GRS bridge abutments 45 
and found that facing displacements and bridge seat settlements were smaller for shaking in the 46 
longitudinal direction than in the transverse direction. Although these studies indicate good overall 47 
performance for GRS bridge abutments under dynamic loading, more experimental evaluations 48 
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are needed to better understand the performance of these systems for various geometric 49 
configurations, reinforcement characteristics, and surcharge loading conditions.  50 
This paper presents experimental results on the dynamic response of four half-scale GRS 51 
bridge abutment specimens constructed using well-graded backfill sand, modular facing blocks, 52 
and uniaxial geogrid reinforcement for a series of shaking table tests with scaled earthquake 53 
motions in the longitudinal direction.  Wall facing displacements, bridge seat settlements, 54 
accelerations, soil stresses, reinforcement tensile strains, and bridge beam-bridge seat 55 
displacements and contact forces were measured to understand the effects of applied surcharge 56 
stress, reinforcement vertical spacing, and reinforcement tensile stiffness.  A companion paper 57 
(Zheng et al. 2019) presents the static response of the same GRS bridge abutment specimens during 58 
construction and bridge loading. 59 
 60 
Background 61 
Past research studies have used shaking table tests to investigate the dynamic response of 62 
GRS walls (El-Emam and Bathurst 2004, 2005, 2007; Ling et al. 2005, 2012; Sabermahani et al. 63 
2009; Guler and Enunlu 2009; Guler and Selek 2014; Fox et al. 2015; Latha and Santhanakumar 64 
2015), with many of these tests conducted on reduced-scale models due to limitations of table size 65 
and payload capacity.  Under such conditions, similitude relationships are required to yield a 66 
response that corresponds to the full-scale prototype structure. Iai (1989) proposed such 67 
relationships for shaking table tests on reduced-scale models in a 1g gravitational field, which have 68 
been widely used for studies on GRS structures (e.g., El-Emam and Bathurst 2004, 2005, 2007; 69 
Guler and Selek 2014; Latha and Santhanakumar 2015). El-Emam and Bathurst (2004, 2005, 2007) 70 
conducted a series of shaking table tests on 1 m-high, 1/6th-scale GRS walls subjected to sinusoidal 71 
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motion with increasing amplitude at a frequency of 5 Hz, and found that facing displacements 72 
decreased with decreasing facing panel mass, increasing reinforcement length, increasing 73 
reinforcement stiffness, and decreasing reinforcement vertical spacing.  Guler and Selek (2014) 74 
conducted a series of shaking table tests on model GRS walls with different scales and reported 75 
that accelerations were not affected by model scale and facing displacements for the prototype 76 
structure decreased with increasing model size. Latha and Santhanakumar (2015) found that higher 77 
relative density for the backfill soil significantly reduced lateral facing displacements and 78 
reinforced fill settlements during shaking table tests on 0.6 m-high, 1/8th-scale GRS walls. 79 
Large-scale shaking table tests have also been conducted on GRS walls and abutments and 80 
are preferred when possible because materials and construction methods can more closely match 81 
field conditions.  Ling et al. (2005, 2012) conducted such tests on 2.8 m-high modular block GRS 82 
walls using both sand and silty sand backfill soils. Results indicated that the walls had negligible 83 
deformations and horizontal acceleration amplification for a moderate earthquake motion (peak 84 
horizontal acceleration (PHA) = 0.40g), and relatively small deformations and horizontal 85 
acceleration amplification for a strong earthquake motion (PHA = 0.86g). Facing displacements 86 
decreased when reinforcement length for the top layer increased from 2.05 m to 2.52 m and 87 
reinforcement vertical spacing decreased from 0.6 m to 0.4 m. In addition, unsaturated conditions 88 
for the silty sand backfill soil were found to reduce dynamic facing displacements (Ling et al. 89 
2012). Fox et al. (2015) conducted shaking table tests on a full-scale modular block GRS wall with 90 
a height of 6.1 m and reinforcement vertical spacing of 0.6 m. The wall experienced a maximum 91 
acceleration amplification of 2.41 for a 50% Northridge-Tarzana record.  After a series of 92 
earthquake and sinusoidal motions, the wall had moderate damage, including a residual lateral 93 
facing displacement of 56 mm near the top, and the backfill soil exhibited two significant cracks 94 
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with a width of more than 30 mm, one at the back of the reinforced soil zone and one near the rear 95 
boundary. 96 
Helwany et al. (2012) conducted the first large-scale shaking table tests on a GRS bridge 97 
abutment with a height of 3.6 m using a series of horizontal sinusoidal motions with increasing 98 
amplitude in the longitudinal direction.  The abutment specimen was constructed using poorly-99 
graded gravel, modular block facing, and woven polypropylene geotextiles with a length of 2.8 m 100 
and vertical spacing of 0.2 m.  For PHA = 0.67g, several blocks near the bottom corners of the 101 
abutment showed minor cracks and, at PHA = 1.0g, the abutment remained stable with some 102 
broken bottom corner blocks.  The average incremental bridge seat settlement for PHA increasing 103 
from 0.67g to 1.0g was 48 mm (scaled from Figures 6.76 and 6.77 of Helwany et al. 2012), which 104 
corresponds to a vertical strain (i.e., settlement/height) for the lower GRS fill of 1.5%.  Zheng et 105 
al. (2018a, 2018b) performed longitudinal and transverse shaking table tests on 2.7 m-high half-106 
scale GRS bridge abutment specimens constructed using well-graded angular sand, modular facing 107 
blocks, and uniaxial geogrid layers with a vertical spacing of 0.15 m. The specimens were 108 
subjected to scaled motions from the 1940 Imperial Valley and 2010 Maule earthquakes with PHA 109 
= 0.31g and PHA = 0.40g, respectively.  Zheng et al. (2018b) reported average incremental residual 110 
bridge seat settlements of 2.5 mm and 4.8 mm for the two scaled motions in the transverse shaking 111 
tests, which were larger than the corresponding measurement of 1.4 mm for each of the 112 
longitudinal shaking tests. 113 
 114 
Experimental Program 115 
The experimental program consisted of four GRS bridge abutment specimens, including a 116 
baseline case specimen (Specimen 1), a specimen with lower surcharge stress (Specimen 2), a 117 
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specimen with larger reinforcement vertical spacing (Specimen 3), and a specimen with reduced 118 
reinforcement tensile stiffness (Specimen 4).  Tests were conducted on the indoor uniaxial servo-119 
hydraulic shaking table in the Charles Lee Powell Structural Research Laboratory at the University 120 
of California, San Diego (UCSD), which was refurbished prior to this study to increase the fidelity 121 
of dynamic motion (Trautner et al. 2017).  Details regarding specimen configuration, material 122 
properties, construction procedures, and instrumentation are provided in the companion paper 123 
(Zheng et al. 2019).  Other information relevant to the dynamic testing program is provided below.   124 
 125 
Similitude Relationships 126 
The Iai (1989) similitude relationships define three independent scaling factors for length, 127 
density, and strain to ensure a similar stress-strain response between model and prototype. The 128 
scaling factors for density and strain typically are assumed as unity for a given soil, leaving the 129 
length scaling factor as the main consideration. A length scaling factor of   = 2, defined as the 130 
ratio of prototype length to specimen length, was used to design half-scale GRS bridge abutment 131 
specimens for the testing program. Corresponding scaling factors for specimen geometry, applied 132 
surcharge stress, soil modulus, reinforcement tensile stiffness, and characteristics of the earthquake 133 
motions are provided in Table 1. 134 
  135 
Specimen Configuration 136 
The configuration of the longitudinal shaking table tests is shown in Figures 1 and 2 of the 137 
companion paper (Zheng et al. 2019).  A concrete beam represents a longitudinal slice of a 138 
prototype bridge structure and rests on a GRS bridge abutment with a concrete bridge seat at one 139 
end and on a concrete support wall at the other end.  Elastomeric bearing pads were placed under 140 
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both ends of the bridge beam, with properties reported by Zheng et al. (2018a).  Each GRS bridge 141 
abutment specimen has modular block facing on three sides, including a front wall and two side 142 
walls, and a back side supported by a rigid reaction wall consisting of a steel frame with plywood 143 
facing.  The reaction wall was designed to be sufficiently stiff to maintain at-rest lateral earth 144 
pressures during construction and experience minimal deflections during shaking (Zheng 2017; 145 
Zheng et al. 2018a). Considering that the reaction wall does not reproduce a deformation boundary 146 
condition consistent with a retained soil mass in the field, the thickness of the retained soil zone 147 
(0.63 m) was maximized within the geometry and payload constraints of the table. The base of the 148 
concrete support wall is rigidly connected to the shaking table with steel beams to transmit table 149 
motions and includes a sliding platform designed using the low-friction boundary concept of Fox 150 
et al. (1997, 2006). Zheng et al. (2018a) evaluated the performance of the testing system and found 151 
that the shaking table was able to reproduce the salient characteristics of the scaled earthquake 152 
motions, the reaction wall moved in phase with the shaking table, and the steel connection beams 153 
and sliding platform successfully transmitted table motions to the base of the support wall. 154 
With a length scaling factor of   = 2, the GRS bridge abutment specimens correspond to 155 
a prototype structure with a total height of 5.4 m and a bridge clearance height of 4.5 m. This 156 
clearance height meets Federal Highway Administration (FHWA) requirements (Stein and 157 
Neuman 2007). For Specimens 1, 3, and 4, the average applied surcharge stress on the backfill soil 158 
from the bridge seat due to the total weight of bridge seat, bridge beam, and dead weights is 66 kPa.  159 
This corresponds to a prototype surcharge stress of 132 kPa and is in the typical range for GRS 160 
bridge abutments in the field (Adams et al. 2011).  Specimen 2 was tested with a lower weight of 161 
bridge beam, which yields an applied surcharge stress of 43 kPa and a prototype surcharge stress 162 
of 86 kPa.  The width of the vertical seismic joint between the bridge beam and back wall of the 163 
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bridge seat is 25 mm. During shaking, the bridge beam interacts with the GRS bridge abutment 164 
and support wall through friction developed at the bearing pads and the bridge beam may 165 
potentially contact with the back wall of the bridge seat due to sliding.  166 
 167 
Soil and Reinforcement 168 
The half-scale bridge abutment specimens were constructed using a clean well-graded 169 
angular sand, consisting primarily of crushed rock, with no gravel and a low fines content.  A 170 
summary of soil properties is provided in Table 2 of the companion paper (Zheng et al. 2019).  171 
Based on the standard Proctor test, the sand has a maximum dry unit weight of 18.4 kN/m3 and 172 
optimum gravimetric water content of 11.4%.  A target gravimetric water content of 5% was 173 
selected for construction to minimize dust and loss of fines during soil placement and compaction.  174 
A relative density rD  = 85% was chosen for the prototype abutment structure, which corresponds 175 
to a relative compaction of 96% and meets field compaction requirements for GRS bridge 176 
abutments (Berg et al. 2009; Adams et al. 2011).  Once the prototype relative density was 177 
established, consolidated-drained (CD) triaxial compression tests were conducted to determine the 178 
target relative density for construction of the half-scale GRS abutment specimens. 179 
Measured relationships for stress ratio 1 3    versus axial strain from five CD triaxial tests 180 
on dry sand specimens are shown in Figure 1.  An initial test was conducted for rD  = 85% (initial 181 
void ratio 
oe  = 0.443) and effective confining stress 3   = 69.0 kPa to provide the average stress-182 
strain response of the backfill soil at the mid-height of a prototype structure.  Using the stress 183 
scaling factor (= 2) in Table 1, four additional CD triaxial tests were conducted for 
3   = 34.5 kPa 184 
and rD  = 45%, 60%, 70%, and 85%.  The relationship for rD  = 70% and 3   = 34.5 kPa yielded 185 
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similar stiffness and strength to that for the prototype and, as such, a value of rD  = 70% was 186 
chosen for construction the half-scale abutment specimens.  The corresponding density ratio for 187 
the 85%/69.0 kPa and 70%/34.5 kPa specimens is 1.05 (= 1808 kg/m3/1722 kg/m3) and the strain 188 
ratio at peak is 0.87 (= 5.05%/5.79%), which are small deviations from the theoretical values of 189 
unity in Table 1. 190 
A uniaxial high-density polyethylene (HDPE) geogrid was used to construct the half-scale 191 
abutment specimens.  Specimens 1 and 2 had intact reinforcement layers with a vertical spacing 192 
vS  = 0.15 m, Specimen 3 had intact reinforcement layers with vS  = 0.3 m, and Specimen 4 had 193 
reduced stiffness/strength reinforcement layers (i.e., every other geogrid rib in the transverse 194 
direction removed) with vS  = 0.15 m.  Using the scaling factor in Table 1, the geogrid tensile 195 
stiffness at 5% strain ( 5%J ) = 380 kN/m and geogrid tensile strength ( ultT ) = 38 kN/m for 196 
Specimens 1, 2, and 3 correspond to 1520 kN/m and 152 kN/m, respectively, for a prototype 197 
geogrid, which are typical values for field applications. Corresponding prototype values for 198 
Specimen 4 are 5%J  = 760 kN/m and ultT  = 76 kN/m.  Tensile tests were conducted on single rib 199 
geogrid specimens for average strain rates of 1, 5, 10, 50, and 100%/min. according to ASTM 200 
D6637.  Results of these tests are presented in Figure 2 and indicate that tensile stiffness and 201 
strength increase with increasing strain rate. 202 
 203 
Instrumentation 204 
Experimental data were collected using an automatic data acquisition system with 160 205 
channels at a sampling rate of 256 Hz.  Sensor details are provided by Zheng et al. (2018a). 206 
Instrumentation layouts for the longitudinal centerline section L1, located at distance y  = 0.8 m 207 
from the west side wall facing, longitudinal off-centerline section L2, located at y  = 0.35 m, and 208 
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transverse section T1 under the bridge seat, located at distance x  = 0.48 m from the front wall 209 
facing, are shown in Figure 7 of the companion paper (Zheng et al. 2019). 210 
 211 
Input Motions 212 
The GRS bridge abutment specimens were shaken in the longitudinal direction using three 213 
consecutively-applied scaled earthquake motions, as summarized in Table 2, with low-acceleration 214 
white noise motion applied in between each earthquake motion (Zheng 2017). As such, initial 215 
conditions (e.g., stiffness) likely were different for each abutment specimen prior to each 216 
earthquake motion due to residual plastic deformations from previous shaking events.  Consecutive 217 
application of earthquake motions allowed more information to be obtained from each abutment 218 
specimen, and has been used for other shaking table testing programs (Ling et al. 2005, 2012; and 219 
Fox et al. 2015). 220 
The earthquake motions were applied in displacement-control mode and scaled from 221 
original records of the 1940 Imperial Valley earthquake (El Centro station), 2010 Maule 222 
earthquake (Concepcion station), and 1994 Northridge earthquake (Newhall station), all of which 223 
were obtained from the Pacific Earthquake Engineering Research Center (PEER) Ground Motion 224 
Database (https://ngawest2.berkeley.edu/).  Acceleration and displacement time histories for the 225 
original and scaled Imperial Valley motions are shown in Figure 3. The original motion has PHA 226 
= 0.31g, peak horizontal velocity (PHV) = 296.9 mm/s, and peak horizontal displacement (PHD) 227 
= 130.4 mm. The scaled acceleration time history was obtained by maintaining acceleration 228 
amplitudes and increasing acceleration frequencies by a factor of 2  (Table 1), and the scaled 229 
displacement time history was obtained by double integration of the scaled acceleration time 230 
history.  Resulting target values for PHA, PHV, and PHD for the scaled earthquake motions are 231 
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provided in Table 2. Actual values of PHA measured from the shaking table range from 0.41g to 232 
0.46g for the Imperial Valley motion, 0.52g to 0.58g for the Maule motion, and 0.98g to 1.09g for 233 
the Northridge motion.  Although the measured PHA values exceed the target values for each 234 
specimen and scaled earthquake motion, comparisons of the pseudo-acceleration response spectra 235 
indicate that the response of the shaking table is in close agreement with the target motion for 236 
frequencies up to approximately 6 Hz (Zheng 2017; Zheng et al. 2018a). 237 
 238 
Experimental Results 239 
Experimental results are presented for four GRS bridge abutment specimens and three 240 
instrumented sections (L1, L2, and T1) for each specimen to evaluate dynamic response, including 241 
wall facing displacements, bridge seat settlements, accelerations, soil stresses, reinforcement 242 
tensile strains, and bridge beam-bridge seat displacements and contact forces.  Partial results for 243 
Specimen 1 are presented by Zheng et al. (2018a) and complete results, including time histories, 244 
are provided by McCartney et al. (2018).  Horizontal displacements and accelerations toward the 245 
north, outward displacements for the front wall and side wall facings, and downward 246 
displacements (i.e., settlements) for the bridge seat are defined as positive.  Maximum profiles for 247 
facing displacements, soil stresses, and reinforcement tensile strains present the highest measured 248 
value for each individual sensor during the shaking event, and thus do not correspond to a single 249 
point in time, and residual profiles present final values after shaking.  The presented results are 250 
measured values and must be adjusted using the scaling factors in Table 1 to obtain corresponding 251 
values for a prototype structure.  252 
 253 
 254 
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Facing Displacements 255 
Profiles of incremental maximum wall facing displacement and incremental residual wall 256 
facing displacement for the four abutment specimens and the Imperial Valley motion are compared 257 
in Figure 4, with all values taken relative to initial facing displacements before the start of the 258 
shaking event. The profiles display similar trends with displacements generally increasing with 259 
elevation and highest values measured near or at the top of each wall. Maximum values during 260 
shaking were substantially recovered after shaking was completed, especially in the upper section 261 
of the walls. 262 
Measurements for the front wall in longitudinal centerline section L1 are shown in Figure 263 
4(a) and indicate that Specimens 3 and 4 had significantly larger incremental maximum and 264 
residual facing displacements near the top than Specimen 1.  This indicates the importance of 265 
reinforcement vertical spacing and reinforcement tensile stiffness with regard to facing 266 
displacements for dynamic loading, and is consistent with similar observations for static loading 267 
in the companion paper (Zheng et al. 2019).  Specimen 3 yielded the highest values of 7.2 mm 268 
(maximum) and 4.4 mm (residual) at the top of the wall, which correspond to 14.4 mm and 8.8 269 
mm for a prototype structure.  Maximum facing displacements for Specimen 1 were larger than 270 
Specimen 2 for the upper half of the wall; however, Specimen 1 experienced smaller residual 271 
displacements.  Profiles for the front wall in longitudinal off-centerline section L2 are presented 272 
in Figure 4(b) and show similar trends.  Displacement magnitudes were smaller than for L1, with 273 
highest incremental displacements of 6.1 mm (maximum) and 3.2 mm (residual) again measured 274 
for Specimen 3 at the top of the wall.  Profiles for the west side wall in transverse section T1 are 275 
shown in Figure 4(c) and display smoother, more linear relationships with highest values 276 
consistently measured at the top of the wall.  In this case, Specimen 2 yielded the largest maximum 277 
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displacements and Specimen 3 yielded the largest residual displacements. After shaking, residual 278 
values for Specimens 1 and 2 were similar and smaller than for Specimens 3 and 4, which again 279 
highlights the importance of reinforcement vertical spacing and reinforcement tensile stiffness.  280 
The highest values of incremental maximum and incremental residual facing displacement 281 
for each abutment specimen, cross section, and scaled earthquake motion are compared in Figure 282 
5.  The data indicate clear trends, and some variability that may be attributed to differences in 283 
specimen construction and characteristics of the scaled motions.  First considering the front wall, 284 
maximum values were similar for longitudinal sections L1 and L2 and increased with increasing 285 
PHA, larger reinforcement vertical spacing, and reduced reinforcement tensile stiffness.  286 
Consistent with Figures 4(a) and 4(b), Specimen 3 yielded the largest displacement values.  287 
Interestingly, with the exception of the Imperial Valley motion, maximum facing displacements 288 
were larger for Specimen 2 than for Specimen 1 even though the bridge beam had lower inertial 289 
mass for Specimen 2.  This is in contrast to observations for static loading (Zheng et al. 2019) and 290 
attributed to the lower applied surcharge stress and associated lower soil stiffness for Specimen 2.  291 
Residual displacements for sections L1 and L2 were substantially smaller in all cases and show 292 
similar trends.  Displacements for the west side wall in transverse section T1 indicate some 293 
differences relative to the longitudinal sections; the Maule motion produced the lowest values, 294 
reinforcement vertical spacing and reinforcement tensile stiffness show a less significant effect 295 
than for the longitudinal sections, and residual displacements were considerably smaller relative 296 
to maximum values.  The results in Figures 4 and 5 also show that shaking in the longitudinal 297 
direction produced significant facing displacements for the side walls in the transverse direction, 298 
which indicates multi-directional deformation response of the abutment specimens. 299 
 300 
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Bridge Seat Settlements 301 
Time histories of incremental bridge seat settlement for the abutment specimens during the 302 
Imperial Valley motion, taken as the average of measurements at the four top corners of each 303 
bridge seat, are shown in Figure 6.  For Specimen 1, the maximum settlement was 3.1 mm and the 304 
minimum settlement was -0.1 mm (i.e., heave) during shaking, and the residual settlement after 305 
shaking was 1.4 mm, which yields an incremental residual vertical strain of 0.07% for the 2.1 m-306 
high lower GRS fill.  This residual settlement corresponds to 2.8 mm for the prototype, which is 307 
unlikely to be a concern for field applications.  Consistent with front wall facing displacements 308 
(Figure 4), the largest values of maximum settlement (6.3 mm, 0.30%) and residual settlement (5.5 309 
mm, 0.26%) were recorded for Specimen 3. 310 
Incremental residual bridge seat settlements for each abutment specimen and scaled 311 
earthquake motion are compared in Figure 7, with values from Stage 3 static loading (i.e., bridge 312 
beam placement) also included from the companion paper (Zheng et al. 2019).  For static loading, 313 
settlements range from 1.5 mm to 3.5 mm and, relative to Specimen 1, decreased with lower 314 
surcharge stress, increased with larger reinforcement vertical spacing, and increased slightly with 315 
reduced reinforcement tensile stiffness.  After shaking, the trends are more pronounced with values 316 
ranging from 1.4 mm to 7.2 mm.  Residual settlements increased with increasing PHA and show 317 
the same effects for reinforcement spacing and stiffness; however, lower surcharge stress produced 318 
larger settlements due to lower soil stiffness and generally larger wall facing displacements (and 319 
presumably soil shear strains) for Specimen 2 relative to Specimen 1 (Figure 5).  Figures 5 and 7 320 
indicate that larger residual bridge seat settlements generally occurred with larger residual wall 321 
facing displacements, although the values are not proportional and the trend is more consistent for 322 
front wall displacements (L1, L2) than side wall displacements (T1). 323 
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Accelerations 324 
The root-mean-square (RMS) acceleration can be used to quantify the intensity of motion 325 
at a specific sensor or location and mitigate the effect of large, high-frequency acceleration spikes 326 
(or noise) that would skew an analysis based on maximum acceleration values alone (Kramer 1996; 327 
El-Emam and Bathurst 2005).  RMS acceleration is calculated as the square root of the duration-328 
normalized area under the record of (acceleration)2 versus time, and captures the effects of 329 
amplitude, frequency content, and duration on dynamic response. 330 
Vertical profiles of RMS acceleration ratio within the reinforced soil zone (x = 0.48 m) and 331 
retained soil zone (x = 1.78 m) for Specimen 1 are shown in Figure 8, where values are equal to 332 
the RMS acceleration measured in the longitudinal direction at a given sensor divided by the 333 
corresponding RMS acceleration measured at the shaking table.  For the reinforced soil zone in 334 
Figure 8(a), ratios increased approximately linearly with elevation for sections L1 and L2 and all 335 
three scaled earthquake motions.  Values were nearly equal for the Maule and Northridge motions 336 
and significantly higher for the Imperial Valley motion.  The Imperial Valley motion yielded the 337 
maximum ratio of 1.57, which occurred for section L1 at the top of the reinforced soil zone and 338 
indicates significant amplification within the abutment specimen.  Differences in RMS 339 
acceleration ratio for the scaled motions are attributed to differences in motion characteristics, such 340 
as frequency content, as well as differences in response characteristics of Specimen 1, such as 341 
stiffness, which may have been influenced by prior shaking events. Corresponding measurements 342 
for the retained soil zone are shown in Figure 8(b) and display similar trends.  RMS acceleration 343 
ratio profiles for sections L1 and L2 were consistently in close agreement for each soil zone. 344 
Vertical profiles of RMS acceleration ratio within the reinforced soil zone (x = 0.48 m) and 345 
retained soil zone (x = 1.78 m) in longitudinal section L1 for each abutment specimen and the 346 
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Imperial Valley motion are presented in Figure 9.  Again, the plots show similar values and trends 347 
for the two soil zones, with values increasing with elevation in all cases.  At any given elevation, 348 
ratios were lowest and nearly equal for larger reinforcement vertical spacing (Specimen 3) and 349 
reduced reinforcement tensile stiffness (Specimen 4), higher for lower surcharge stress and inertial 350 
mass of the bridge beam (Specimen 2), and highest for the baseline case (Specimen 1).  These 351 
findings differ from results reported by El-Emam and Bathurst (2007), in which, beyond a critical 352 
acceleration, acceleration amplification for GRS walls increased with larger reinforcement vertical 353 
spacing and reduced reinforcement tensile stiffness, and thus illustrate that system dynamic 354 
response can vary significantly from one study to the next depending on input motion and structure 355 
characteristics. 356 
RMS acceleration ratios measured for specimen bridge seats and bridge beams during the 357 
three scaled earthquake motions are presented in Figure 10, where measurement locations are 358 
indicated in Figure 7a of the companion paper (Zheng et al. 2019).  For each abutment specimen, 359 
ratios for the bridge seat were similar to ratios near the top of the reinforced soil zone (Figures 8a 360 
and 9a) and smaller than ratios for the bridge beam. This indicates that each bridge seat moved 361 
with the lower GRS fill and the bridge beam experienced even larger amplification.  The highest 362 
ratio for each motion occurred for the bridge beam with lowest inertial mass (Specimen 2).  Similar 363 
to the reinforced and retained soil zones (Figure 8), RMS acceleration ratios for the bridge seats 364 
and bridge beams for the Imperial Valley motion were higher than corresponding ratios for the 365 
Maule and the Northridge motions. 366 
 367 
 368 
 369 
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Soil Stresses 370 
Vertical and lateral soil stresses were measured using load cell-based, contact earth 371 
pressure cells with capacities of 160 kPa and 320 kPa. This type of pressure cell does not require 372 
special correction for dynamic testing and has been used successfully for previous investigations 373 
of static and dynamic soil-structure interaction (e.g., Fox et al. 2015; Keykhosropour et al. 2018). 374 
Profiles of vertical soil stress behind the front wall facing for section L1 of each abutment specimen 375 
during and after the Imperial Valley motion are presented in Figure 11.  Maximum values during 376 
shaking, shown in Figure 11(a), display similar trends and higher magnitudes relative to final 377 
values for static loading (Figure 13b, Zheng et al. 2019), and indicate an approximately trapezoidal 378 
distribution for Specimens 2, 3, and 4, and a high value (103.9 kPa) at the top for Specimen 1.  379 
Calculated values from the AASHTO (2012) method for static loading (Stage 3), according to a 380 
2:1 distribution for surcharge stress, are also shown in Figure 11(a) and were generally close to 381 
the maximum stresses during shaking, except at the top for Specimen 1.  Profiles of incremental 382 
maximum vertical stress, taken relative to the final values for static loading, are shown in Figure 383 
11(b).  Overall, incremental stresses were approximately constant with elevation, with highest 384 
values occurring for larger reinforcement vertical spacing (Specimen 3).  Corresponding plots of 385 
residual vertical stress are shown in Figure 11(c).  After shaking, measured residual stresses were 386 
smaller than the AASHTO (2012) values except at the top for Specimen 1.  Incremental residual 387 
vertical stress profiles, also taken relative to final values for static loading, are shown in Figure 388 
11(d) and display more consistent trends.  Interestingly, vertical stresses significantly increased 389 
due to shaking, with incremental profiles approximately trapezoidal for Specimen 1 and triangular 390 
for the other specimens.  The increase in vertical stress is attributed to loss of support of the weight 391 
of backfill soil from friction on the facing blocks and horizontal reinforcement layers near the front 392 
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wall facing (e.g., Runser et al. 2001), and a resulting redistribution of vertical soil stress.  The 393 
abutment specimens also experienced small increases in residual vertical stress for the other scaled 394 
earthquake motions (not shown), with magnitudes increasing toward the base and highest values 395 
ranging from 5 kPa to 20 kPa (McCartney et al. 2018). 396 
Lateral soil stresses behind the front wall facing are presented in Figure 12, along with 397 
calculated values from the AASHTO (2012) method for static loading.  To obtain the calculated 398 
values, the AASHTO (2012) vertical stress profiles in Figure 11 were multiplied by the Rankine 399 
active earth pressure coefficient aK  (= 0.12).  In Figure 12(a), maximum lateral stresses during 400 
shaking generally were larger near the top and bottom than at mid-height for Specimens 1 and 2 401 
and larger at the bottom for Specimens 3 and 4, with the highest value of 13 kPa at the top of the 402 
wall (Specimen 2).  Most of the measurements were smaller than AASHTO (2012) calculated 403 
values for static loading.  In Figure 12 (b), values of incremental maximum stress range from 1 to 404 
8 kPa, and overall are approximately constant with elevation and show no clear trend with regard 405 
to specimen type.  Profiles of measured residual lateral stress, shown in Figure 12(c), generally 406 
decreased with increasing elevation and again generally were lower than AASHTO (2012) 407 
calculated values.  In Figure 12(d), the incremental residual stress profiles are approximately 408 
constant with elevation and display generally higher values for larger reinforcement vertical 409 
spacing (Specimen 3) and highest values for reduced reinforcement tensile stiffness (Specimen 4).  410 
Figure 12(d) also indicates that residual lateral stresses increased due to shaking, in part due to 411 
associated increases in vertical stress shown in Figure 11(d), such as for Specimens 3 and 4 at the 412 
bottom of the wall.  The abutment specimens also experienced similar small increases in residual 413 
lateral stress for the other scaled earthquake motions (not shown), with magnitudes approximately 414 
constant with elevation and highest values ranging from 1 kPa to 6 kPa (McCartney et al. 2018). 415 
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Reinforcement Strains 416 
Distributions of measured residual tensile strain in reinforcement layers for the three 417 
instrumented sections of Specimen 1 after Stage 3 static loading (Zheng et al. 2019) and each 418 
scaled earthquake motion are presented in Figure 13.  Zero strain at the free end of each 419 
reinforcement layer is also plotted.  Tensile strains for longitudinal section L1, shown in Figure 420 
13(a), progressively increased under the bridge seat due to successive shaking events. For instance, 421 
the strain at x  = 0.45 m in geogrid layer 10 was 0.11% after Stage 3, and then increased to 0.16% 422 
after Imperial Valley, 0.20% after Maule, and 0.27% after Northridge. Tensile strains near the 423 
facing block connections ( x = 0.10 m) increased only for layer 1, and experienced slight decreases 424 
in higher layers, which is attributed to loosening of backfill soil near the connections due to the 425 
inertial forces of facing blocks during shaking. Tensile strains for longitudinal section L2, shown 426 
in Figure 13(b), were similar to values for section L1 in layers 1 and 7 and much higher in layer 427 
13 under the bridge seat. This is attributed to tilting of the bridge seat toward the west side (section 428 
L2) during placement of the bridge beam (Figure 12, Zheng et al. 2019) and possibly subsequent 429 
higher surcharge stress on that side during shaking.  In Figure 13(c), strains for transverse section 430 
T1 increased progressively near the connection in layer 1 and under the bridge seat in higher layers.  431 
The data indicate that shaking in the longitudinal direction produced tensile strains in transverse 432 
reinforcement layers, which is consistent with the results for side wall facing displacements in 433 
Figures 4 and 5. 434 
Plots of incremental maximum and incremental residual tensile strain, taken relative to 435 
initial strains before shaking, are shown in Figure 14 for sections L1 and T1 of each abutment 436 
specimen and the Imperial Valley motion.  Although some variability is observed, maximum 437 
strains in Figure 14(a) and Figure 14(b) generally increased with lower surcharge stress, larger 438 
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reinforcement vertical spacing, and reduced reinforcement tensile stiffness.  Similar to Figure 13, 439 
these strain increases were most significant for lower reinforcement layers at the facing 440 
connections and for higher reinforcement layers under the bridge seat.  The effect can be significant 441 
as observed, for example, the incremental maximum strain increased from 0.09% to 0.33% under 442 
the bridge seat for layer 13 in section L1, when the reinforcement vertical spacing was increased 443 
from 0.15 m (Specimen 1) to 0.3 m (Specimen 3).  Corresponding plots for incremental residual 444 
strains in Figure 14(c) and Figure 14(d) show similar trends and significant additional strains, as 445 
high as 0.21%, for the reinforcement as a result of the shaking event. 446 
 447 
Bridge Seat and Bridge Beam Interaction 448 
Horizontal displacements were measured in the longitudinal direction for the bridge beam 449 
and two bottom corners of the bridge seat for each abutment specimen (Zheng et al. 2019).  450 
Incremental displacement time histories for Specimen 1 during the Northridge motion are shown 451 
in Figure 15(a).  Displacements at the east and west sides of the bridge seat were similar with 452 
respect to both trend and magnitude, which indicates nearly uniform translational movement of 453 
the bridge seat in the longitudinal direction during shaking. The bridge beam also shows a similar 454 
displacement trend and much larger magnitudes than the bridge seat, which indicates sliding of 455 
the bridge beam relative to the bridge seat on the bearing pad interface.  The time history of bridge 456 
beam displacement relative to average bridge seat displacement is shown in Figure 15(b). During 457 
shaking, the bridge beam experienced maximum relative displacements of 20.6 mm toward the 458 
north and 30.0 mm toward the south and had a residual relative displacement of 4.3 mm toward 459 
the south after shaking.  The vertical seismic joint closed and contact occurred between the bridge 460 
beam and bridge seat at t  = 4.0 s and, after shaking, remained open with a residual width of 25.7 461 
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mm.  The horizontal contact force was measured using two load cells embedded in the south end 462 
of the bridge beam (Figure 7, Zheng et al. 2019) and is plotted in Figure 16.  The tips of the load 463 
cells made contact at slightly different times and with different force magnitudes.  For all 464 
specimens and shaking events, contact occurred only during the Northridge motion.  Maximum 465 
contact forces were taken as the peak of the time-synchronized sum of measurements from the two 466 
load cells in each case and equal to 98.5 kN, 110.3 kN, 68.5 kN, and 105.2 kN for Specimens 1, 2, 467 
3, and 4, respectively.  Interestingly, the highest contact force occurred for Specimen 2, which had 468 
the highest acceleration ratio (Figure 10) and lowest bridge beam inertial mass.  469 
 470 
Conclusions 471 
This paper presents experimental results from shaking table tests on four half-scale 472 
geosynthetic reinforced soil (GRS) bridge abutment specimens constructed using well-graded 473 
backfill sand, modular facing blocks, and uniaxial geogrid reinforcement. The specimens included 474 
a baseline case (Specimen 1), lower surcharge stress (Specimen 2), larger reinforcement vertical 475 
spacing (Specimen 3), and reduced reinforcement tensile stiffness (Specimen 4).  Results are 476 
presented for a series of scaled earthquake motions in the longitudinal direction.  The following 477 
conclusions are reached for the conditions of the study:  478 
1. The abutment specimens experienced similar profiles of wall facing displacement, with 479 
displacements generally increasing with elevation and highest values measured near or at 480 
the top of each wall. Maximum values during shaking were substantially recovered after 481 
shaking, especially in the upper section of the walls.  For the front walls, incremental 482 
maximum and incremental residual facing displacements generally increased with 483 
increasing peak horizontal acceleration (PHA), larger reinforcement vertical spacing, 484 
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reduced reinforcement stiffness, and lower surcharge stress. Shaking in the longitudinal 485 
direction produced significant facing displacements for the side walls in the transverse 486 
direction, which indicates multi-directional deformation response of the abutment 487 
specimens. 488 
2. Residual bridge seat settlements increased with increasing PHA, larger reinforcement 489 
vertical spacing, reduced reinforcement stiffness, and lower surcharge stress. Larger 490 
residual bridge seat settlements generally were associated with larger residual wall facing 491 
displacements.  492 
3. Root-mean-square (RMS) acceleration ratio in the reinforced and retained soil zones 493 
increased approximately linearly with elevation for each abutment specimen, and 494 
decreased with larger reinforcement vertical spacing, reduced reinforcement tensile 495 
stiffness, and lower surcharge stress and inertial mass of the bridge beam.  RMS 496 
acceleration ratios indicate that each bridge seat moved with the lower GRS fill and each 497 
bridge beam experienced even larger amplification.   498 
4. Measured values of maximum vertical and maximum lateral soil stresses behind the front 499 
wall facing during shaking generally were close to or smaller than values calculated using 500 
the AASHTO (2012) method for static loading.  Residual vertical and lateral soil stresses 501 
generally were smaller than AASHTO (2012) calculated values for static loading, and 502 
increased due to shaking, which is attributed to loss of support of the weight of backfill soil 503 
near the front wall facing.   504 
5. For successive shaking events, tensile strains increased near the facing block connections 505 
for lower reinforcement layers and under the bridge seat for higher reinforcement layers. 506 
Consistent with incremental facing displacements, incremental tensile strains increased 507 
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with larger reinforcement vertical spacing, reduced reinforcement stiffness, and lower 508 
surcharge stress.  509 
6. Each bridge beam experienced sliding relative to the bridge seat during shaking and 510 
permanent displacement afterward. The vertical seismic joint closed during the Northridge 511 
motion for each abutment specimen, resulting in contact force between the bridge beam 512 
and bridge seat.  The highest contact force occurred for Specimen 2 with the highest bridge 513 
beam RMS acceleration ratio and lowest bridge beam inertial mass. 514 
 515 
The GRS bridge abutment specimens in the current study were limited by the size and 516 
payload capacity of the shaking table. Field GRS bridge abutments have a larger retained soil mass 517 
behind the reinforced soil zone, which may potentially increase abutment deformations. In addition, 518 
widths of the abutment specimens in the transverse direction proportionally were smaller than for 519 
field structures, which may have produced some differences in dynamic response. The overlap of 520 
geogrid reinforcement in the transverse and longitudinal directions across the entire reinforced soil 521 
zone may have produced a relatively stiff response for the half-scale abutment specimens, as such 522 
overlap would be limited to the corners for a typical GRS bridge abutment in the field.  523 
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 534 
Notation 535 
The following symbols are used in this paper: 536 
rD  = relative density  537 
0e  = initial void ratio 538 
5%J  = secant stiffness of reinforcement at 5% tensile strain 539 
aK  = Rankine coefficient of active earth pressure  540 
vS  = reinforcement vertical spacing 541 
t  = time 542 
ultT  = ultimate strength of reinforcement 543 
x  = distance from front wall facing  544 
y  = distance from west side wall facing  545 
z  = elevation above foundation soil  546 
  = scaling factor 547 
1   = major principal effective stress 548 
3   = minor principal effective stress 549 
 550 
 551 
 552 
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Table 1. Similitude relationships for 1g shaking table tests (Iai 1989). 
 
Variable 
Theoretical 
scaling factor 
Scaling factor 
for   = 2 
Length   2 
Density 1 1 
Strain 1 1 
Mass 3  8 
Acceleration 1 1 
Velocity 1/2  1.414 
Stress   2 
Modulus   2 
Stiffness 2  4 
Force 3  8 
Time 1/2  1.414 
Frequency 1/2  0.707 
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Table 2. Scaled earthquake motions for shaking table tests. 
 
Scaled 
earthquake 
motion 
Duration 
(s) 
Target 
PHA 
(g) 
Actual 
PHA 
(g) 
Target 
PHV 
(mm/s) 
Actual  
PHV 
(mm/s) 
Target 
PHD 
(mm) 
Actual  
PHD 
(mm) 
Imperial Valley 28.3 0.31 0.41-0.46 209.9 214.5-224.5 65.2 64.7-65.2 
Maule 100.4 0.40 0.52-0.58 415.7 427.6-429.8 108.0 107.7-108.0 
Northridge 28.3 0.58 0.98-1.09 529.0 492.3-495.6 88.7 88.5-88.7 
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Figure 1. Five consolidated-drained triaxial compression tests on well-graded dry angular sand. 
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Figure 2. Tensile test results for HDPE geogrid (single rib specimens) at different strain rates.  
  
Figure 2 Click here to access/download;Figure;Figure_2.pdf
 -0.4
-0.3
-0.2
-0.1
0
0.1
0.2
0.3
0.4
0 5 10 15 20 25 30 35 40
Original
Scaled
Ac
cel
era
tio
n (
g)
Time (s)  
(a) 
-150
-100
-50
0
50
100
150
0 5 10 15 20 25 30 35 40
Original
Scaled
Di
sp
lac
em
en
t (
mm
)
Time (s)  
(b) 
Figure 3.  Original records and scaled motions for the 1940 Imperial Valley earthquake (El 
Centro station): (a) acceleration time history; (b) displacement time history.
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Figure 4. Profiles of incremental maximum and incremental residual facing displacement for the 
Imperial Valley motion: (a) L1, front wall; (b) L2, front wall; (c) T1, west side wall. 
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Figure 5. Highest values of incremental maximum and incremental residual facing displacement: 
(a) L1, front wall; (b) L2, front wall; (c) T1, west side wall.
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Figure 6. Time histories of average incremental bridge seat settlement during the Imperial 
Valley motion. 
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Figure 7. Average values of incremental residual bridge seat settlement. 
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Figure 8. Profiles of RMS acceleration ratio for Specimen 1: (a) reinforced soil zone; (b) 
retained soil zone. 
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Figure 9. Profiles of RMS acceleration ratio for longitudinal section L1 during the Imperial 
Valley motion: (a) reinforced soil zone; (b) retained soil zone.  
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Figure 10. RMS acceleration ratios for specimen bridge seats and bridge beams during three 
scaled earthquake motions.  
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Figure 11. Profiles of vertical soil stress behind front wall facing for longitudinal section L1 and 
the Imperial Valley motion: (a) maximum; (b) incremental maximum; (c) residual; (d) 
incremental residual. 
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Figure 12. Profiles of lateral soil stress behind front wall facing for longitudinal section L1 and 
the Imperial Valley motion: (a) maximum; (b) incremental maximum; (c) residual; (d) 
incremental residual. 
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Figure 13. Distributions of residual tensile strain in reinforcement layers for Specimen 1: (a) L1; (b) L2; (c) T1. 
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Figure 14. Distributions of incremental tensile strain in reinforcement layers for the Imperial 
Valley motion: (a) maximum for L1; (b) maximum for T1; (c) residual for L1; (d) residual for 
T1. 
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Figure 15.  Time histories of bridge seat and bridge beam displacement for Specimen 1 during 
the Northridge motion: (a) incremental horizontal displacement; (b) relative horizontal 
displacement of bridge beam relative to the bridge seat. 
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Figure 16. Time history of horizontal contact force between the bridge beam and bridge seat for 
Specimen 1 and maximum total contact forces during Northridge motion.  
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identification of the material properties (fill and reinforcement). The explanation, however, still 
lacks the explanation of how changing the material density (scaling factor = 1) renders the same 
soil stiffness and strength (scaling factor = 2) considering the scaling factors reported in Table 1. 
Additional clarification from the authors will be much appreciated and would reduce the 
ambiguity. 
  
Response: The Iai (1989) similitude relationships define three independent scaling factors 
for length, density, and strain to ensure a similar stress-strain response between model 
and prototype. The scaling factors for density and strain typically are assumed as unity 
for a given soil, leaving the length scaling factor as the main consideration. In our study, 
a length scaling factor of   = 2 was used to design the half-scale GRS bridge abutment 
specimens. A relative density rD  = 85% was chosen for the prototype abutment structure, 
which corresponds to a relative compaction of 96% and meets field compaction 
requirements for GRS bridge abutments (Berg et al. 2009; Adams et al. 2011).  Once the 
prototype relative density was established, consolidated-drained (CD) triaxial 
compression tests were conducted to determine the target relative density for construction 
of the half-scale GRS abutment specimens. Measured relationships for stress ratio 1 3    
versus axial strain from five CD triaxial tests on dry sand specimens are shown in the 
figure below.  An initial test was conducted for rD  = 85% (initial void ratio oe  = 0.443) 
and effective confining stress 
3   = 69.0 kPa to provide the average stress-strain response 
of the backfill soil at the mid-height of a prototype structure.  Using the stress scaling 
factor (2) in Table 1 of the manuscript, four additional CD triaxial tests were conducted 
for 
3   = 34.5 kPa and rD  = 45%, 60%, 70%, and 85%.  The relationship for rD  = 70% 
and 
3   = 34.5 kPa yielded similar stiffness and strength to that for the prototype and, as 
such, a value of rD  = 70% was chosen for construction the half-scale abutment specimens.  
The corresponding density ratio for the 85%/69.0 kPa and 70%/34.5 kPa specimens is 
1.05 (= 1808 kg/m3/1722 kg/m3) and the strain ratio at peak is 0.87 (= 5.05%/5.79%), 
which are small deviations from the theoretical values of unity in Table 1 of the 
manuscript. Explanation was added to the revised manuscript. 
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20. The authors in their response referred to the brand name of the pressure cells used but not the 
type. The reviewer still thinks that it is important to know and report the type of pressure cell in 
the manuscript. Pressure cells are challenging to rely on in geotechnical engineering. For 
instance, if the authors used vibrating wire pressure cells, corrections may be needed to account 
for the interference with the imposed vibrations from the test input motions. A disclaimer 
statement is needed in the manuscript to inform the readers with the simplifications that may 
have been made by the authors in treating the output readings of the pressure cells. 
 
Response: According to the information from the manufacturer, it is a load cell-based 
contact earth pressure cells, with capacities of 160 kPa and 320 kPa. The pressure cells 
were used successfully for investigation of static and dynamic soil-structure interaction in 
previous studies and do not require special correction for dynamic testing (e.g., Fox et al. 
2015; Keykhosropour et al. 2018). This information was added to the revised manuscript.  
 
49. The authors explained that the large difference between the load cells readings shown in 
Figure 16 is because the tips of the load cells were not perfectly parallel with respect to the 
bridge seat. It would be clearer to the readers if the authors state this justification in the 
manuscript, so the readers can understand the difference observed in the figure. 
 
Response: Clarification added to the revised manuscript.  
 
96. Add reference/source to Table 2 caption (PEER Ground Motion Database …?). 
 
 5 
Response: The earthquake motions in this study are scaled, not the original data from 
PEER Ground Motion Database. We believe that it is sufficient to cite the motion 
database only when mentioning the source of the unscaled motions.  
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